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1. Introduction
IVansparcnt c o n d u c tiv e  in d iu m  o x id e  f ilm s  h ave b een  used  
v M cn siv e ly  in a v a r ie ty  o l e le c tr o n ic s  and o p to e le c tr o n ic s  
applications b eca u se  of their v is ib le  Iransm iltancc, h igh  infrared  
ic llcctan cc  and lo w  e lec tr ica l resistiv ity  11). In addition  to these, 
nullum o x id e  film s h a v e  draw n w id e  ap p lica tio n s in fabrication  
of gas sen so rs  d u e to the se n s it iv ity  o f  su rface  co n d u c la n ee  to 
gas adsorption  [2 ]. T h e se  f i lm s  can he d ep o sited  by vacuum  
evaporation  [3 , 4 ] , sp u tter in g  (5 ] , ch em ica l vapour d ep o sitio n  
|h | and spray p y r o ly s is  [7 ]. T h e spray p y ro ly s is  tech n iq u e is 
Widely a d op ted  o w in g  to its c o s t -e f fe c t iv e n e s s  and large area  
a p p lica b ility . In th e  p r e se n t  w o rk , tran sp aren t and h ig h ly  
von d u elive  in d iu m  o x id e  th in  f ilm s  w ere  prepared by spray  
p yrolysis tech n iq u e .
2. Experimental
Indium o x id e  f ilm s  w ere  d e p o s ite d  on h eated  g la ss  substrates  
spraying  0.1 M  p recu rsor so lu tio n . T h e precursor so lu tio n  
was prepared by  d is s o lv in g  InCl^ (9 9 .9 % ) in d o u b le  d istilled  
tl^ionised w a ter  T h e  op tim u m  d ep o sitio n  param eters, w h ich  arc 
sum m arized in T ab le  1, are atta in ed  b y  trial and error m eth od  
^hc so lu tio n  w a s  sp ra y ed  o n to  h eated  g la ss  substrates held  at
constant tem pcralurc in the range 6 2 3 -7 7 3  K w ith  an accuracy  
o f  ± 5K  and the ex p erim en ta l setup  is d escrib ed  e lsew h ere  [S |. 
T o e n h a n c e  the c o n d u c t iv ity , the as d e p o s ite d  f ilm s  w ere  
annealed  at 4 7 3  K for 45 m in  under a vacuum  ol 10  ^ inhar.
T a b ic  I . Optimum condilions for the spiay deposition of ln ,0 ,  films
Optimum value / Suilable item 
0 I M
Dt.stiiled watci 
7 2 T K
Spray paramclei
InC'h solution concentration
Solvent
Substrate Tcmperaluic 
Carnet  gas 
Angulai distance 
Rate of spray 
Tune of spray
f 'ompiesscd Air (2 Kg/ctnT 
45 1 cm
6 5 ± 0 1 mC/min 
10 mm
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C h a ra cter i/a lio n  o f  the film s w a s carried out w ith  P h ilip s  
1710 X-ray d iffraction .spectrometer, em p lo y in g  C u K arad iation . 
T he 2 6 va lu e is varied  from  2 0  to 7 0 ”. F ilm  th ick n ess w as  
m easured  hy T o la n sk y ’s in terferom etric  m eth od . T he e lectrica l 
resistiv ity  o l llie  film s w as m easured  u sin g  four probe technique  
e m p lo y e d  w iih  c o n s t a n t  c u r r e n t s o u r c e  and  th e  o p t ic a l  
t r a n s m is s io n  s t u d ie s  u s in g  th e  S h im a d z u  d o u b le  b ea m  
spectrophotom eter U V -2 4 0 .
0 2 0 0 1  lA C S
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h igh er su b slra lc  tem perature. From  F igure
P K Mannj, K G GopchcjtuJran, B n in y  Joshcp, Peter Koshy and V K Vaidyan
3. Results and discussion
"I'he e le c lr ic a l, op tica l and structural properties o f th e  thin film s  
h a v e  s t r o n g  d e p e n d e n c e  o n  I lie  s t o ic h io m e t r y  and  
m icrostru elu re as w e ll as the lev e l o l residual stress cau sed  by 
d ep o sitio n  tech n iq u e and in teraclion  w ith  the substrate 19]. F ine  
co n tro ls  o v er  the spray d ep o sitio n  param eters produce h lm s  
w ith  sm o o th  and u n iform  th ick n ess, e x ce llen t adherence to the 
su b s tr a te s , h ig h  v isit> le tr a n sm it la n c e  and lo w  r e s is t iv ity  
C icnerally in spray p y io ly s is  tech n iq u e, indium  o x id e  v>n hot 
s u i la c e /a lm o s p h e r e  is  lo r m e d  in p r in c ip le  on  r e v e r s ib le  
cn d o ih erm ic  reaction  as
2 In C l ,  4 ^ H ,O < -^ ln ,O ,4 -0 H C I ( 1;
II the.se reactions w ere co m p leted , the resulting indium  o x id e  
film  w ould  b eco m e highly sto ich iom etric wSince the film s obtained  
by p y r o ly t ic  d e c o m p o s it io n  are s o n d tK lin g , the e x p e c te d  
reaction s are
In , O , ( A) < * In 1 C) ( )  4 ( ) , ( g ) , 
lup 0 ,( , \ )  <->21n ( g )  -f 2/2 0 , ( g ) ,
In2 0 (  ) r 20^ < > In 2 O , ( s) 4 4e
(2)
(2)
(4)
A ltern a tiv e ly , io n ise d  o x y g e n  v a c a n c ie s  p red o m in a te  in 
ln ,()^ , acxiirdm g to the ile le c t  reaction  | 10|
2 1 n 4  20 2 l n - r n / ,  4-6c t 2 / 2 0 , (5)
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at t te  1, it is ev id en t thu! 
the re-evap oration  is stronger at h ig h er  substrate tem peratim
Figure 2 sh o w s the X -ray di (fraction patterns ol indium  ox id. 
film s prepared at d in e r e n t substrate lem [)cratures. A ll peaks n, 
the d iffra ctio n  patterns co rresp o n d  to the cu b ic  structu ie  <m 
l n , 0 ,  and are in d ex ed  on the b asis o f  A S T M  card 6 - 4 lb . Al; 
d ilT ra c to g ra m s o f  th e  p rep a red  f i lm s  d e a r ly  in d ic a te  tin 
polycrystalline nature o( the In ,0^  film s. At 773  K, the prelercniKii 
iU 'ien ta tio n  is a lo n g  ( 4 0 0 )  c r y s ta l p la n e . F or d e p o s it io i ,  
tem perature b e lo w  7 7 3  K, the p referentia l orien tation  is along 
(2 2 2 ) plane. F ience, the texture o f th e  film  ch an ges IVom <  1 1 1 > n > 
< I(KF.> w ith  increase o( sub.strate tem perature Fhe < 1 (K)> texiuu  
IS n o ticed  in f i lm s , w h ich  are prepared  at h ig h er  substrati 
tem perature.
F lencc, the film  con ta in s ln ,( ) ,^  ( ^  ' < 0 .0 1 .  Flerc,
F j)denotes the d o u b ly -ch a rg ed  o x y g e n  v a ca n c ies  and e 'd e n o tc s  
the e le c t io n s ,  w h ic h  are n eed ed  lo r  ch a rg e  n eu tra lity  on  a 
m a c io sc o p ic  sca le . Flius, the co n d u ctiv ity  o l ln,C)^ is due to 
o x y g e n  v a ca n c ies  that result from  in co m p le te  o x id a tio n  o l the 
film . 4 'hcsc d c ic e ls  arc co n sid ered  to be e lec tro n  don ors, fh e  
lo w  res istiv ity  ob ta in ed  lor  In^O, film s in the present study can  
he attributed to the a b o v e  d e le c ts .
A n o th er  im portanl laeti^r, m n u e n e m g  the film  property, is 
substrate tem perature. T he variation  o f  th ick n ess w ith  subslralc  
tem perature for ecm siant v o lu m e  o f  so lu tio n  sp rayed  is sh o w n  
in F igure I . T he th ick n ess  o f  the film  m ay be a ffcc icd  by la e lo rs  
like re evaporation  from  substrate and enhanced  reaction k inetics
900
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F ig u re  1. V ariation  o f  film  thickncs.s w ith  su b s tra te  tem p era tu re  o f  l n ,0 ,  
film s deposited  w ith  0.1 M  I n C f  in w ater.
GO 40
Diffiaotion angle (2 Ihcta)
F igure  2, X ray diltf.ictog'rams i)f In /)^  tiim.s deposilcd using 0 IM hit . 
aqueous solulioii at d i f ln c n l  subslralc Icmpeialuic
A cco rd in g  to Fmolc and W ii t /  [ 1 1J, m random ly o n en u  ii 
n u cle i o f  l n , 0 , ,  < l  1 l>  is the la s le s l g ro w in g  d irection . H cii 
o x y g e n  ion transport is c s s c n lia i m the d ep o s it io n  reaeluMi 
T h is o x y g e n  transport o ccu rs  al the lim e  o l d ep o sit io n , hui 
m uch  s lo w ly  m l n ,0  ^ film , o n ce  il has b een  d ep o sited . If thi 
<11 l>  d irection  grow' m ost rap id ly  of all p o ss ib le  directu>n. 
parallel to the substrate, then gra in s orien ted  w ith  m axm iuiu  
num ber o f  <1 11>  d irec tio n s  m the p lane o f  substrate, shoiiki 
g ro w  m ost rapidly, al lo w  energy.
In accord an ce w ith  the rncchani.sin o f th e  film  lt)rm alion, ih^  
film  grow th  u su a lly  takes p la ce  first by n u clea tio n , fo llo w ed  b\ 
grow th  o f  n u cle i and later by c o a le s c e n c e . 4'hc n u cle i grow^nj’ 
on  substrates m ay have va rio u s cry sta llo g ra p h ic  oricntatu^ii^ 
c o a le s c e , the resultant cry sta llite  a ssu m es the orien tation  o( th'. 
larger on e . ITic m o st frequent d e fe c t is d is lo ca tio n , w h ich  at i^ *^^  
at the b o u n d a ry  o f  tw o  c ry sta l r e g io n s  that are som ew lhu  
an gu larly  d isp la ced  w ith  resp ect to ea ch  other. Further, increase 
in  s u b s tr a te  te m p e r a tu r e  c a n  s t im u la te  o r ie n te d  grov't*^ 
fa c ilita tin g  c ry sta lliza tio n . A n y  o n e  or m ore la ttice -m isfit have 
taken place here in deposition  o f  In^O^ film s m aking preferentiallv 
orien ted  p lan e se n s it iv e  to g row th  param eters ( 12].
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iMgure 3 d ep ic ts  the op tica l transm ission  spectra o f  the film s  
Jeposited  at d ifferen t substrate tem peratures, from  aq u eou s  
solution o f  In C l3. T h e op tica l tran sm ission  spectra o f  the film s  
:iie studied  in the w a v e len g th  reg ion  3 0 0 -9 0 0  nm I'he intrinsic
Tijeure 3. Optical transmiss ion  'spcclia o f  I n / ) ,  films deposited usmj’ 
!M InCl, solution at (a) f)2^ (b) f>73 (c) 72^ and (d) 1 1  ^  K
ahsorptn.)!) in a sem ico n d u cto r  occu rs for w a v elen g th  m  the 
vicin ity ot en erg y  gap. T he absorption  c o e ff ic ien t or can be 
calculated from L am bert’s form ula
a  =  2 .3 0 3  A/r7, (6)
wlierc A is  the op tica l d en sity  and d the th ick n ess o f  the film  
I tgiirc 4 sh o w s the typical variation ol the absorption co cffic icn l 
u nil photon en ergy  for film s d ep o sited  at 72 3  K T he absorption  
tujs Its m in im um  at low  en ergy  and increases w ith  optical energy
p
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f  igure 4. Typical variation o l  absorption coclficicni wiih photon energy 
ln,0^ films deposited at 72^ K using 0.1 M aqueous solution
in a m anner sim ilar to the absorption ed ge o f  the sem iconductors  
It can be seen  that these film s sht)w h igh absorption co c ff ic ic n l  
w hich  IS the ev id en ce  o f  d irect transition. T he absorption curve  
sh ow s a liMig w ave tail, in the direction ot increasing w avelength  
Fills tail m ight be attributed from  stress cau sin g  distortion  o f  
the crystal lattice or due to the in v o lv em en t ol phonons in the 
transition [ 13). L ogarithm ic b an d -ed ges have been reported lor  
m an y s e m ic o n d u c to r s  [1 4 )  and the p h e n o m e n a  has b een  
explained  from d iv c ise  m odels including e lcd r ic  m icrofic ldsdue  
to ion ised  d efec ts , them uil llu ctu ation s due to the band-gap  
and cx ito m c e ffec ts . In the ca se  o f  it is reported in the
literature that indirect forbidden transitions are know n to lake 
p la c e  at 2 .6  cV  [151. Fhe in crea se  o f  tra n sm itta n ce  w ith  
w avelen gth  m the lia n sm iss io n  spectrum  m ay he due to the 
ex is ten ce  o f  large num ber o f  le v e ls  in the forbidden gap just 
below' the co n d u ctio n  or ju st a b o v e  the v a len ce  band. T he  
in ierleren ce fringes appeared m the transm ission  spectrum  o f  
the film  prepared at 77 3  K. T his is the direct ev idence o f  uniform  
th ickness o l the film  116], w h ich  m ight iin se  from  the ch an ges in 
the cry sta llo g r a p h ic  o r ien ta tio n s  A ssu m in g  that transition  
b e c o m e  c o n s ta n t at the a b so r p t io n  e d g e , the a b so rp tio n  
coel ficienl a  for directly a llow ed  transitions lor sim ple parabolic 
sch em e can be ascribed as a function  o f  incident photon energy  
as a h \’ (hv-  , w'here E^  is the optical band-gap 1171.
T a b le  2 g iv e s  th e  b a n d -g a p  v a lu e s  w ith  th e d e p o s it io n  
tem perature lor In film s using 0 .1 M In C l, aqueous so lu tion  
F ilm s prepared at critical d ep o sitio n  con d itio n s have the low est 
value o f  band-gap
L lectrical resistiv ity , transm ittance and band-gap o f  ln.,0 , 
film s d ep osited  from 0 . 1 M aquctius so lu tion  o f  InCl^ at various 
suh.stratc tem peratures, are presented  rn Table 2. T he resistiv ity  
o f  the as d ep osited  film s is very h igh 'fh is  m ay be due it) the 
gram boundary e ffec ts , sin ce  the film s are o l p o lycrysta llin e  
nature. S in ce , co m p ressed  air w as used as carrier gas, it is quite  
l ik e ly  that a la rg e  n u m b er  o f  th e o x y g e n  m o le c u le s  arc 
ch em isorb ed  m the film  both  at the gram  boundaries and on the 
surface. T he chem isorption  o f  the o x y g en  w ill produce potential 
barrier, w hich hinders the electrical transport causing a reduction  
in con d u ctiv ity . In order to en h an ce the con d u ctiv ity , In^O^ 
film s w'cre annealed  at 47 3  K lor 45  nun under a vacuum  o l 10 
mbar. On vacuum  a n n ea lin g , the ch em iso rb ed  o x y g en  ion s  
d isrobe from  the film s, d onating  e lectron s to it, low erin g  the 
resistiv ity . T h is is a d irect e v id e n c e  o f  the e x is te n c e  o f  an 
uncontrolled  am ount o f  o x y g e n  that acts as e lectron  trap in the
Tabic 2. Electrical and optical properties of  the indium oxide films
Solution
c o n c e n t ra t io n
(M )
Substrate
tem pera tu re
(K )
Thickne.ss
(nin)
kesist ivity
( Ih n )
Transmiss ion 
at 5 5 0  
nm ( 9 f ) Os)
Band-gap
(cV)
6 2 3 7 5 0 7 5  X 10 • 10 1 X 10 '* 3 6
6 7 3 7 2 0 2 5 X Kr" 3H 2 X 10 ’ 3 3
0 1 7 2 3 6 7 0 7 4  X 1 0 ’ 5 2 1 3 X 10-' 3 2 4
7 7 3 5 0 0 1,6 X lO-* 7 2 1 22 X 10* 3 .4
510 P  K  Manoj, K  G Gopchandran, Benny Joshep, P eter K oshy a n d  V K  Vaidyan
as-deposited samples f 101. This increase in conductivity due to 
vacuum annealing, can be attributed to increase of carrier 
concentration and lowering o f grain boundary potential. This 
irreversible change in conductivity is the property causing the 
modulation in conductivity of the film, when it is placed in a gas 
atmosphere at an enhanced temperature. The lowest resistivity 
obtained in the present investigation is 7.4 x lO*** f2m deposited 
at 723 K, which is the critical temperature of In^O, Films in the 
present study. The figure of merit has been a common rating 
method for indium oxide films using optical transmittance and 
sheet resistance. H aacke, defined the figure o f m erit as 
ip^ (- -  r ' ” / / ^ , where T is the transmittance of the film and /?p 
is the sheet resistance [18]. The variation o f figure of merit of 
the prepared films with substrate temperature is presented in 
Table 2.
4. Conclusion
Transparent and conducting indium oxide thin films arc prepared 
by chemical spray deposition of aqueous solution of indium 
chloride and their deposition conditions arc optimized. The films 
arc polycrystallinc in nature. The texture of the film is found to 
change from < 1 1 1> to < 1 0 0 > with the increa.se of substrate 
temperature. The refractive index and band-gap energy of the 
films prepared under optimum deposition conditions arc found 
as 2.6 and 3.24 c V respectively.
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